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Meet The Higgs Boson

Englert & Higgs (2013)
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The Higgs UV Catastrophe

quantum fluctuations
(sum over all energy
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e- e- e-

⇒

⇒
e- e-

⇒

⇒

e+ e+

⇒

⇒

e- e-

⇒

⇒

e+ e+

⇒

⇒

e- e-

e+ e+

~ ~

~ ~

rotation
symmetry

Lorentz
symmetry

supersymmetry

+½

spin-0 “superparticles”

-½

mass = ????



Supersymmetry

Contributions from
normal particles
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Composite Higgs Field
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Extra Spatial Dimensions

H

4D spacetime

compact
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The Many Faces of New Physics

T5/3 Analysis
‣ CMS search for particles T5/3  with 

exotic charge!
‣ Solve hierarchy problem and are 

compatible with observed Higgs 
mass!

‣ Found in KK gluon models!
!

‣ Final state consists of same-sign 
dileptons!
‣ Also can identify boosted W or 

boosted top quarks in the event!
‣ Use jet substructure!!
!

‣ Basic event selection:!
‣ 2 same-sign leptons, pT > 30 GeV!
‣ 5 or more jets / “constituents”!
‣ Boosted top = 3!
‣ Boosted W = 2!

‣ HT > 900 GeV!
‣ Quarkonia, Z vetos
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The Worldview of the
Higgs Boson
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Is New Physics Top-Biased?
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃) ATLAS-CONF-2013-0471.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e, µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-047740 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0471.3 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1

1 e, µ 3-6 jets Yes 20.3 m(χ̃
0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2013-0621.18 TeVg̃

g̃g̃, g̃→qq(""/"ν/νν)χ̃
0
1

2 e, µ 0-3 jets - 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB ("̃ NLSP) 2 e, µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB ("̃ NLSP) 1-2 τ 0-2 jets Yes 20.7 tanβ >18 ATLAS-CONF-2013-0261.4 TeVg̃

GGM (bino NLSP) 2 γ - Yes 20.3 m(χ̃
0
1)>50 GeV ATLAS-CONF-2014-0011.28 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 0-3 jets Yes 5.8 m(H̃)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(g̃)>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2013-0611.2 TeVg̃

g̃→tt̄χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<400 GeV ATLAS-CONF-2013-0611.34 TeVg̃

g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV ATLAS-CONF-2013-0611.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 0-3 b Yes 20.7 m(χ̃

±
1 )=2 m(χ̃

0
1) ATLAS-CONF-2013-007275-430 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e, µ 1-2 b Yes 4.7 m(χ̃

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1

2 e, µ 0-2 jets Yes 20.3 m(χ̃
0
1) =m(t̃1)-m(W)-50 GeV, m(t̃1)<<m(χ̃

±
1 ) 1403.4853130-210 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1

2 e, µ 2 jets Yes 20.3 m(χ̃
0
1)=1 GeV 1403.4853215-530 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1)=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1

1 e, µ 1 b Yes 20.7 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-037200-610 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.5 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-024320-660 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1 )<85 GeV ATLAS-CONF-2013-06890-200 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-580 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)<200 GeV 1403.5222290-600 GeVt̃2

"̃L,R "̃L,R, "̃→"χ̃01 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV 1403.529490-325 GeV#̃

χ̃+
1
χ̃−
1 , χ̃

+

1→"̃ν("ν̃) 2 e, µ 0 Yes 20.3 m(χ̃
0
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±
1 )+m(χ̃

0
1)) 1403.5294140-465 GeVχ̃±

1
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1→τ̃ν(τν̃) 2 τ - Yes 20.7 m(χ̃
0
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±
1 )+m(χ̃

0
1)) ATLAS-CONF-2013-028180-330 GeVχ̃±

1

χ̃±
1
χ̃0
2→"̃Lν"̃L"(ν̃ν), "ν̃"̃L"(ν̃ν) 3 e, µ 0 Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m("̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029700 GeVχ̃±

1 ,
χ̃0
2

χ̃±
1
χ̃0
2→Wχ̃

0
1Zχ̃

0
1

2-3 e, µ 0 Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1403.5294, 1402.7029420 GeVχ̃±

1 ,
χ̃0
2

χ̃±
1
χ̃0
2→Wχ̃

0
1h χ̃

0
1

1 e, µ 2 b Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1 ,
χ̃0
2

Direct χ̃
+

1
χ̃−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 22.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s ATLAS-CONF-2013-057832 GeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 4.7 0.4<τ(χ̃
0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X, ν̃τ→e + µ 2 e, µ - - 4.6 λ′
311

=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X, ν̃τ→e(µ) + τ 1 e, µ + τ - - 4.6 λ′

311
=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 1 e, µ 7 jets Yes 4.7 m(q̃)=m(g̃), cτLS P<1 mm ATLAS-CONF-2012-1401.2 TeVq̃, g̃

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→eeν̃µ, eµν̃e 4 e, µ - Yes 20.7 m(χ̃

0
1)>300 GeV, λ121>0 ATLAS-CONF-2013-036760 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→ττν̃e, eτν̃τ 3 e, µ + τ - Yes 20.7 m(χ̃

0
1)>80 GeV, λ133>0 ATLAS-CONF-2013-036350 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 20.7 ATLAS-CONF-2013-007880 GeVg̃

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon→tt̄ 2 e, µ (SS) 2 b Yes 14.3 ATLAS-CONF-2013-051350-800 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√
s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: Moriond 2014

ATLAS Preliminary∫
L dt = (4.6 - 22.9) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.

LHC Midterm Assessment

Supersymmetry “simplified models”



CMS Searches for New Physics Beyond Two Generations (B2G)
95% CL Exclusions (TeV)
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The LHC: Mostly Boring
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Color Radiation &
Hadron Formation
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Decay Rates Into Only Jets
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How NOT to Discover the
Higgs Boson
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Figure 19-5 Invariant bb mass distributions for the WH signal and background events, after applying all selec-
tion criteria and for an integrated luminosity of 30 fb-1: a) WH signal with mH = 100 GeV (solid line) and resonant
WZ background (dashed line), (b) Wbb background, (c) tt background, and (d) Wjj background.

Figure 19-6 Expected WZ signal with Z ! bb above
the summed background, for an integrated luminosity
of 30 fb-1. The dashed line represents the shape of the
background.

Figure 19-7 Expected WH signal with H ! bb above
the summed background for mH = 100 GeV and for an
integrated luminosity of 30 fb-1. The dashed line repre-
sents the shape of the background.
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Going to High Momentum
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Going to High Momentum
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energetic spray of particles jet substructure

Did this come from
a Higgs decay?

Standard view integrates out
all internal structure

Modern methods let us “peek” 
inside in a controlled way

Dissecting Higgs-Jets with
Jet Substructure

Butterworth, Davison, Rubin, Salam (2008)
    building on work by 
        Seymour (1994)
        Butterworth, Cox, Forshaw (2002)



3

on mass resolution and background rejection.

The above results were obtained with HER-
WIG 6.510[17, 18] with Jimmy 4.31 [19] for the under-
yling event, which has been used throughout the sub-
sequent analysis. The signal reconstruction was also
cross-checked using Pythia 6.403[20]. In both cases
the underlying event model was chosen in line with the
tunes currently used by ATLAS and CMS (see for ex-
ample [21] 2). The leading-logarithmic parton shower
approximation used in these programs have been shown
to model jet substructure well in a wide variety of pro-
cesses [23, 24, 25, 26, 27, 28]. For this analysis, sig-
nal samples of WH, ZH were generated, as well as
WW, ZW, ZZ, Z + jet, W + jet, tt̄, single top and dijets
to study backgrounds. All samples correspond to a lu-
minosity ≥ 30 fb−1, except for the lowest p̂min

T dijet sam-
ple, where the cross section makes this impractical. In
this case an assumption was made that the selection ef-
ficiency of a leptonically-decaying boson factorises from
the hadronic Higgs selection. This assumption was tested
and is a good approximation in the signal region of the
mass plot, though correlations are significant at lower
masses.

The leading order (LO) estimates of the cross-section
were checked by comparing to next-to-leading order
(NLO) results. High-pT V H and V bb̄ cross sections were
obtained with MCFM [29, 30] and found to be about 1.5
times the LO values for the two signal and the Z0bb̄ chan-
nels (confirmed with MC@NLO v3.3 for the signal [31]),
while the W±bb̄ channel has a K-factor closer to 2.5 (as
observed also at low-pT in [30]).3 The main other back-
ground, tt̄ production, has a K-factor of about 2 (found
comparing the HERWIG total cross section to [32]). This
suggests that our final LO-based signal/

√
background es-

timates ought not to be too strongly affected by higher
order corrections, though further detailed NLO studies
would be of value.

Let us now turn to the details of the event selection.
The candidate Higgs jet should have a pT greater than
some p̂min

T . The jet R-parameter values commonly used
by the experiments are typically in the range 0.4 - 0.7.
Increasing the R-parameter increases the fraction of con-
tained Higgs decays. Scanning the region 0.6 < R < 1.6
for various values of p̂min

T indicates an optimum value
around R = 1.2 with p̂min

T = 200 GeV.

Three subselections are used for vector bosons: (a) An
e+e− or µ+µ− pair with an invariant mass 80 GeV <
m < 100 GeV and pT > p̂min

T . (b) Missing transverse
momentum > p̂min

T . (c) Missing transverse momentum

2 The non-default parameter setting are: PRSOF=0,
JMRAD(73)=1.8, PTJIM=4.9 GeV, JMUEO=1, with
CTEQ6L [22] PDFs.

3 For the V bb̄ backgrounds these results hold as long as both the
vector boson and bb̄ jet have a high pT ; relaxing the requirement
on pTV leads to enhanced K-factors from electroweak double-
logarithms.
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FIG. 2: Signal and background for a 115 GeV SM Higgs
simulated using HERWIG, C/A MD-F with R = 1.2 and
pT > 200 GeV, for 30 fb−1. The b tag efficiency is assumed
to be 60% and a mistag probability of 2% is used. The qq̄
sample includes dijets and tt̄. The vector boson selections
for (a), (b) and (c) are described in the text, and (d) shows
the sum of all three channels. The errors reflect the statisti-
cal uncertainty on the simulated samples, and correspond to
integrated luminosities > 30 fb−1.

> 30 GeV plus a lepton (e or µ) with pT > 30 GeV,
consistent with a W of nominal mass with pT > p̂min

T . It
may also be possible, by using similar techniques to re-
construct hadronically decaying bosons, to recover signal
from these events. This is a topic left for future study.

To reject backgrounds we require that there be no lep-
tons with |η| < 2.5, pT > 30 GeV apart from those used
to reconstruct the leptonic vector boson, and no b-tagged
jets in the range |η| < 2.5, pT > 50 GeV apart from the
Higgs candidate. For channel (c), where the tt̄ back-
ground is particularly severe, we require that there are
no additional jets with |η| < 3, pT > 30 GeV. The re-
jection might be improved if this cut were replaced by a
specific top veto [5]. However, without applying the sub-
jet mass reconstruction to all jets, the mass resolution
for R = 1.2 is inadequate.

The results for R = 1.2, p̂min
T = 200 GeV are shown

in Fig. 2, for mH = 115 GeV. The Z peak from ZZ and
WZ events is clearly visible in the background, providing
a critical calibration tool. Relaxing the b-tagging selec-
tion would provide greater statistics for this calibration,
and would also make the W peak visible. The major
backgrounds are from W or Z+jets, and (except for the
HZ(Z → l+l−) case), tt̄.

Combining the three sub-channels in Fig. 2d, and sum-
ming signal and background over the two bins in the
range 112-128 GeV, the Higgs is seen with a significance

Resurrecting W/Z + Higgs
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Nearest-Neighbor
Jet Clustering Example

* a.k.a. the Cambridge/Aachen algorithm
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Figure 4: Comparison of top tagging variables for a Z� → tt̄ simulation and a PYTHIA 6 Tune Z2
QCD simulation. Seven Z� → tt simulated samples are used with resonance masses between
750 and 4000 GeV/c2. A flat pT spectrum on the interval pT ∈ [450, 1000] GeV/c is used. (a) Jet
mass (mjet) (b) Number of subjets (Nsubjets) (c) Minimum pairwise mass (mmin).
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Figure 5: Comparison of data and simulation for top tagging variables. The simulation has
been normalized to the same number of events as in data. (a) Jet mass (mjet) (b) Number of
subjets (Nsubjets) (c) Minimum pairwise mass (mmin).

7.2 Commissioning of the Jet Pruning Algorithm for W Tagging

Figure 9 shows data to simulation comparisons of the W tagging algorithm, of the jet mass,
mass drop (µ), subjet asymmetry, and ∆R between the two subjets, for the leading jet in the
event. Overall the agreement between the data and the simulation is striking, particularly
between the data and the HERWIG ++ tune23. This highlights some dependency of the sub-
structure to the underlying event tune chosen.

Of particular note is the jet mass distribution shown in Figure 9a. The peaking structure at low
mass can be predicted from NLO perturbation theory, due to a soft collinear divergence. The
actual behavior in nature then turns over and drops toward zero. The “shoulder” of the data
and the simulation around 60-80 GeV/c2 is an artifact of finite-jet size effects (see, for instance,
Ref [14] for a theoretical description of the jet mass from NLO perturbation theory).

Figure 10 shows the W tagging variables after all the selection requirements are applied except
on the variable shown. The overall agreement between data and simulation is still quite good.

Figure 11 shows the normalized ratio of events with one good vertex to events with more
than one good vertex. There is considerable agreement between the events with one and ≥ 2

CMS PAS JME-10-013
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CMS Heavy Gluon Search
24 11 Cross Checks

Figure 12: Event display of a “golden” triply-tagged “1 + 2” candidate. The invariant mass

of the tt̄ candidate is 1352.5 GeV/c2
. In addition to the analysis selection, an additional b

tagging requirement is made on the candidate b jet in the “type 2” hemisphere. The “type 1”

top jet is shown in orange, with yellow denoting the three subjets. The “type 2” hemisphere

jets are shown in green. Jet 2 is tagged with the W tagging algorithm, and Jet 3 is tagged with

a secondary vertex tag. The electromagnetic calorimeter information is shown in red, and the

hadronic calorimieter information is shown in blue.

Figure 13: Event display of a “golden” triply-tagged “1 + 2” candidate. In addition to the

analysis selection, an additional b tagging requirement is made on the candidate b jet in the

“type 2” hemisphere. Here, the yellow corresponds to the particle flow candidates of the “type

1” hemisphere jets, and the green corresponds to the particle flow candidates of the “type 2”

hemisphere jets. The lines are charged and neutral particles. The electromagnetic calorimeter

information is shown in red, and the hadronic calorimieter information is shown in blue.
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Figure 13: Event display of a “golden” triply-tagged “1 + 2” candidate. In addition to the

analysis selection, an additional b tagging requirement is made on the candidate b jet in the

“type 2” hemisphere. Here, the yellow corresponds to the particle flow candidates of the “type

1” hemisphere jets, and the green corresponds to the particle flow candidates of the “type 2”

hemisphere jets. The lines are charged and neutral particles. The electromagnetic calorimeter

information is shown in red, and the hadronic calorimieter information is shown in blue.

M > 1.8 TeV fully jetty        M > 2.5 TeV combining channels arXiv:1309.2030 & Phys Rev Lett



ATLAS Heavy Gluon Search

(a) e+jets event

(b) µ+jets event

Figure 13: Event display for (a) mreco
tt̄ = 2.6 TeV e+jets (b) mreco

tt̄ = 2.5 TeV µ+jets tt̄ candidate events.
The upper left panel displays a transverse (X−Y) view of detector and objects, while the lower left panel
shows the longitudinal (R − z) view. In these two views, jets are represented by circular sectors with
their lengths proportional to the transverse energies. Green jets are reconstructed with R = 0.4, while
red jets are reconstructed with R = 1. The b-tagged R = 0.4 jets are labelled with blue bars. An η − φ
view of the same event is shown in the upper right panel, with the lego-plot of calorimeter energy in the
lower right panel. In this plane, jets are represented by solid circles of the same color scheme, while
the b-tagged ones are labelled by concentric blue circles. The red dashed circle represents the missing
transverse momentum. The area of the circles are proportional to the transverse energy or momentum of
the physics objects.
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Mini-Isolation Performance

A Performance of mini-isolation

The signal efficiency versus false-identification rate of various lepton isolation discriminants is shown in
Figure 11. The false-identification rate is evaluated from data, using a multi-jet dominated sample with
similar event topology. The adopted selection of Imini/pT < 0.05 gives a false-identification rate of 2.2%.
Compared to other discriminants at similar operating point, this choice provides highest efficiency, and
is very stable when the top becomes highly boosted.
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(c) 1.5 TeV Z′
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(d) 2.0 TeV Z′

Figure 11: The signal efficiency versus false-identification rate of various lepton isolation discriminants,
in the muon channel. The signal efficiency is evaluated from MC of (a) SM tt̄ (b) 1.0 TeV Z′ (c) 1.5 TeV
Z′ (d) 2.0 TeV Z′, for events passing all the other boosted selections except for isolation.

B Selection efficiency

Various selection efficiencies as a function of the true mtt̄ for the Z′ resonance are shown in Figure 12.
Only the resolved approach can select events at low mtt̄, while the boosted selection, which becomes
efficient around 1 TeV, is most relevant at very high masses. The fraction of events selected only by the
resolved analysis is not negligible, even at high mass. Almost half of these events contain a high-mass

24
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FIG. 6: Examples of reconstructed polar decay angle distributions for different top-jet spin analyz-

ers: optimal hadronic polarimeter (top left), softer light-quark (top right), b-quark (bottom left),

and lepton from the semileptonic side of the event (bottom right). Red indicates right-handed

chirality, and blue indicates left handed chirality. Solid is our most optimistic reconstruction:

particle-level with b-tags. Dashed is our most pessimistic reconstruction: calorimeter-level with

the W reconstructed kinematically using the binary choice method. The chiralities are normalized

according to their relative global reconstruction efficiencies, and such that they average to unity.

and axial couplings to top: g2V − g2A. To enhance the size of the modulation effect, which

is largest at central production angles in the tt̄ rest frame, we restrict this measurement to
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Analytic Methods

order perturbative calculations and resummation techniques (see, e.g. Ref. [28]) compared

to algorithmic methods for studying substructure. Finally, N -subjettiness gives favorable

efficiency/rejection curves compared to other jet substructure methods. While a detailed

comparison to other methods is beyond the scope of this work, we are encouraged by these

preliminary results.

The remainder of this paper is organized as follows. In Sec. 2, we define N -subjettiness

and discuss some of its properties. We present tagging efficiency studies in Sec. 3, where we

use N -subjettiness to identify individual hadronic W bosons and top quarks, and compare

our method against the YSplitter technique [2, 3, 4] and the Johns Hopkins Top Tagger [6].

We then apply N -subjettiness in Sec. 4 to reconstruct hypothetical heavy resonances de-

caying to pairs of boosted objects. Our conclusions follow in Sec. 5, and further information

appears in the appendices.

2. Boosted Objects and N-subjettiness

Boosted hadronic objects have a fundamentally different energy pattern than QCD jets

of comparable invariant mass. For concreteness, we will consider the case of a boosted

W boson as shown in Fig. 1, though a similar discussion holds for boosted top quarks or

new physics objects. Since the W decays to two quarks, a single jet containing a boosted

W boson should be composed of two distinct—but not necessarily easily resolved—hard

subjets with a combined invariant mass of around 80 GeV. A boosted QCD jet with an

invariant mass of 80 GeV usually originates from a single hard parton and acquires mass

through large angle soft splittings. We want to exploit this difference in expected energy

flow to differentiate between these two types of jets by “counting” the number of hard lobes

of energy within a jet.

2.1 Introducing N-subjettiness

We start by defining an inclusive jet shape called “N -subjettiness” and denoted by τN .

First, one reconstructs a candidate W jet using some jet algorithm. Then, one identifies

N candidate subjets using a procedure to be specified in Sec. 2.2. With these candidate

subjets in hand, τN is calculated via

τN =
1

d0

∑

k

pT,k min {∆R1,k, R2,k, · · · , RN,k} . (2.1)

Here, k runs over the constituent particles in a given jet, pT,k are their transverse momenta,

and ∆RJ,k =
√

(∆η)2 + (∆φ)2 is the distance in the rapidity-azimuth plane between a

candidate subjet J and a constituent particle k. The normalization factor d0 is taken as

d0 =
∑

k

pT,kR0, (2.2)

where R0 is the characteristic jet radius used in the original jet clustering algorithm.

It is straightforward to see that τN quantifies how N -subjetty a particular jet is, or

in other words, to what degree it can be regarded as a jet composed of N subjets. Jets

– 3 –

Grooming

(a) The mass drop and symmetric splitting criteria.

(b) Filtering.

Figure 2: A cartoon depicting the two stages of the mass-drop filtering procedure.

Figure 3: A cartoon depicting the jet trimming procedure.

most of which is due to the removal pileup or the UE (see, for example, Figures 22 and 25 in
Section 5.3). The fraction removed increases with the number of interactions in the event [1].

Six configurations of trimmed jets are studied here, arising from combinations of fcut and Rsub,
given in Table 1. They are based on the optimized parameters in Ref. [19] ( fcut = 0.03,Rsub = 0.2)
and variations suggested by the authors of the algorithm. This set represents a wide range of phase
space for trimming and is somewhat broader than considered in the original paper on the subject.
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FIG. 2: Top: Eikonal radiation pattern dpT /dηdφ for a color

singlet with ∆R=0.9, typical for a W±
originating from a

top with pT ∼ 300 GeV. Bottom: As above with the partons

instead color-connected to the beam (left/right-going parton

connected to the left/right beam). For the color singlet the ra-

diation is mostly found in the region between the two subjets.

For the background-like color configuration, the radiation is

pulled towards the beam. See (2) and (3).

estimate of D for various color configurations could be
obtained by using antenna patterns as in [28].

Dipolarity can be used within the context of top tag-
ging to reduce QCD backgrounds. Consider a collection
of fat QCD jets originating from parton branchings with
identical kinematics but different color configurations as
illustrated in FIG. 3. If one of the QCD jets fakes the
kinematics of a top quark decay, then each of the differ-
ent color configurations fakes the kinematics equally well.
The dipolarities of the subjets, however, will be broadly
distributed in accord with their different color configu-
rations. For instance, gluon jets are known to give the
largest fake rates for top jets as a consequence of their
larger Casimirs which more often result in wide angle
branchings with significant mass drops. FIG. 3 illustrates
how gluon jets, with their distinct color configurations,

FIG. 3: Schematic for a collection of QCD jets whose kine-

matics fake the top. The upper figures show various possi-

bilities for quarks and gluons that undergo two branchings.

The bottom figures show the corresponding large Nc color di-

agrams, with dipole radiation patterns superimposed across

color dipoles. Only the rightmost color configuration, which

is suppressed by factors of CA/CF with respect to the others,

matches the radiation pattern of an actual top.

radiate differently from top jets. All of this suggests that
the dipolarity of the W± in a hadronic top decay is well-
suited as a discriminant in top tagging algorithms.

HEPTopTagger

To test whether dipolarity makes an effective dis-
criminant, cuts on dipolarity are incorporated into the
HEPTopTagger [1, 2], which is designed to work effec-
tively at intermediate boost, with 200GeV � pT �
800GeV. The high efficiency of the HEPTopTagger at
these pT makes it a good candidate for such a modifi-
cation because dipolarity cuts are expected to be most
effective at intermediate pT . This is because at lower pT
contamination from pile-up and the underlying event be-
comes more of a concern as the top jets become fatter
and fatter, while at higher pT the finite resolution of the
detector makes it difficult to get an accurate handle on
radiation patterns. Furthermore, the multibody filtering
implemented by the HEPTopTagger results in accurate re-
construction of the W±. The HEPTopTagger algorithm
is defined as follows.1

1. Using the Cambridge/Aachen algorithm cluster the
event into fat R = 1.5 jets.

2. Break each fat jet into hard subjets using the fol-
lowing mass-drop criterion. Undo the last stage
of clustering to yield two subjets j1 and j2 (with
mj1 > mj2), keeping both j1 and j2 ifmj1 < 0.8mj2

1 The HEPTopTagger does not make use of b-tagging, which is a
natural extension to the algorithm that can result in significant
improvements in background rejection. Since dipolarity cuts are
orthogonal to b-tagging, we do not explore the use of b-tagging
in this paper.

3

FIG. 1: Shower history for a top quark jet. The hard interaction is indicated by a star. Initial
state emissions are indicated by diamonds. Parton decays are indicated by large filled circles and
QCD splittings are indicated by small filled circles.

FIG. 2: Shower history for a QCD jet.

information on color flow in the event history. The decay probabilities are approximately

the decay probabilities that would be used in an event generator. Each propagator in the

shower history corresponds to a Sudakov factor that gives, approximately, the probability

not to have had a splitting between one vertex and the next or between the last vertex

and the end of the shower. Thus, for a given shower history corresponding to the signal

hypothesis, we calculate a probability density that that shower history would have produced

the observed state {p}N .
There are many shower histories that could lead to a given {p}N . We sum the corre-

sponding probabilities over all possible shower histories to calculate P ({p}N |S).
For the background hypothesis, we have different sorts of shower histories. One is shown

in Fig. 2. Again, we calculate the approximate probability density that the shower history

would have produced the observed state {p}N . Then we sum the corresponding probabilities

over all possible shower histories to calculate P ({p}N |B).
Of course, this brief description leaves out a lot of details. Most of them are presented in

Ref. [12]. Because they are of some importance to the structure of the model, we reiterate

in Sec. II A some specifics of the kinematics and the choice of shower time. Then, in Sec. III,

we address some issues that arise with particles that decay, particularly with particles that

4

Table 1. Total efficiency (in %) for selecting Z � bosons and KK gluons (gKK) that have decayed to
tt̄ pairs. These are the efficiencies determined by the MC calculations divided by the SM branching
fraction of 46% for both top quarks to decay hadronically. All uncertainties are statistical only.

Model Total Efficiency (%)
HEPTopTagger Template Tagger

Z � (0.5 TeV) 0.03± 0.01 –
Z � (0.8 TeV) 2.96± 0.08 –
Z � (1.0 TeV) 4.76± 0.09 0.48± 0.05
Z � (1.3 TeV) 5.67± 0.11 6.37± 0.13
Z � (1.6 TeV) 5.40± 0.10 8.13± 0.16
Z � (2.0 TeV) 4.44± 0.10 6.26± 0.13

gKK (0.7 TeV) 1.70± 0.13 –
gKK (1.0 TeV) 4.13± 0.21 0.74± 0.10
gKK (1.3 TeV) 5.14± 0.23 5.02± 0.25
gKK (1.6 TeV) 4.72± 0.22 6.43± 0.26
gKK (2.0 TeV) 4.44± 0.22 5.22± 0.21

6 The Top Template Tagger method

The Top Template Tagger method [13, 14] is based on the concept that an infrared-safe

set of observables can be defined that quantify the overlap between the observed energy

flow inside a jet and the four-momenta of the partons arising from a top-quark decay. An

“overlap function” ranging from 0 to 1 is defined that quantifies the agreement in energy

flow between a given top-quark decay hypothesis (a template) and an observed jet. One

then cycles over a large set of templates chosen to cover uniformly the 3-body phase space

for a top-quark decay at a given pT and finds the template that maximises this overlap,

denoted as OV3. A requirement of OV3 > 0.7 is made.

Sets (or “libraries”) of approximately 300,000 templates are generated in steps of top-

quark pT of 100 GeV starting from 450 GeV by calculating the parton-level daughters for a

top quark in its rest frame and then boosting the daughters to the pT of the given library.

Studies of the top-quark jet tagging efficiency using MC data and of light quark/gluon jet

rejection observed in the data were used to determine the size of the pT steps and the min-

imum number of templates for each library that maximise the top-quark tagging efficiency

while retaining high rejection against light quark/gluon jets. For each jet candidate, the

overlap function is defined as

OV3 = max
{τn}

exp

�
−

3�

i=1

1

2σ2
i

�
Ei −

�

∆R(topo,i)
<0.2

Etopo

�2
�
, (6.1)

where {τn} is the set of templates defined for the given jet pT, Ei are the parton energies of

the top-quark decay daughters for the given template, Etopo is the energy of a topocluster,
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Figure 3: An illustration of how prominence requirements, by selecting peaks that stand
out above background noise, prevent angular scales from being double-counted.

this choice ensures that noise in log G(R) at small R does not result in extraneous

peaks. This suggests that the quantity of interest is d log G(R)/d logR. A concern

with d log G(R)/d logR is that the derivative produces a delta function δ(R−∆Rij);

as a consequence, d log G(R)/d logR defines a noisy function of R. Therefore, to

identify structure in log G(R) we define an “angular structure function” ∆G(R) by

replacing the delta function in d log G(R)/d logR with a smooth kernel K(x):

∆G(R) ≡ R

�

i �=j
pT ipTj∆R2

ijK(R−∆Rij)

�

i �=j
pT ipTj∆R2

ijΘ(R−∆Rij)
(2)

In the following we choose a gaussian K(x) = e−x2/dR2
/
√
πdR2 with dR = 0.06. We

find that this choice reduces noise substantially. This value of dR was selected after

scanning a range dR ∈ [0.02, 0.12] and choosing dR to maximize the performance of

the top tagging algorithm presented in Sec. 3.

To identify angular scales R = R∗ in the jet that correspond to distinct hard

substructure in the event, it is important to find peaks in ∆G(R) in a way that is

robust against noise.§ For this purpose we borrow a concept from geography called

(topographic) prominence [31]. The prominence of the highest peak is defined as

its height. In the mountaineering analogy, the prominence of any lower peak P
is defined as the minimum vertical descent that is required in descending from P
before ascending a higher, neighboring peak P �, where P � can lie to either side of P .

Fig. 2(b) illustrates this concept for two different peaks. In Fig. 3 we illustrate how

using prominence instead of height to identify physical peaks can eliminate extraneous

peaks that are artifacts of the detector’s finite angular resolution. The pictured jet

has two distinct hard subjets separated by a single angular scale ∆R. Since one of

the subjets has its energy deposited in two neighboring calorimeter cells, the angular

structure function∆G(R) exhibits two distinct peaks in the neighborhood of R = ∆R.

Only one of the two peaks has a large prominence, and so using prominence to select

peaks in ∆G(R) ensures that only a single angular scale near R = ∆R is identified.

§Using the kernel K(x) reduces the noise in ∆G(R) but does not do so completely.

5

Pruning: The pruning algorithm [20, 21] is similar to trimming in that it removes constituents with a

small relative pT, but additionally utilizes a wide-angle radiation veto. The pruning procedure is

invoked at each successive recombination of the jet algorithm used (either C/A or kt), based on the

branching at each point in the jet reconstruction, and as such does not require the reconstruction of

subjets. This results in definitions of the terms “wide-angle” or “soft” that are not directly related

to the original jet but rather to the proto-jets formed in the process of rebuilding the pruned jet.

Figure 4: A cartoon illustrating the pruning procedure.

The procedure is as follows:

• Run either the C/A or kt recombination jet algorithm on the constituents found by any jet

finding algorithm.

• At each recombination step with constituents j1 and j2 (where p j1
T > p j2

T ), require that

p j2
T /p

j1+ j2
T

> zcut or ∆R j1, j2 < Rcut × 2mjet

pjet

T

.

• Merge j2 with j1 if the above criteria are met, otherwise, discard j2 and continue with the

algorithm.

The pruning procedure is illustrated in Figure 4. Six configurations, given in Table 1, based on

combinations of zcut and Rcut are studied here. They are not configurations that have been stud-

ied before in Refs. [20, 21] but are chosen based on discussion with the authors of the pruning

algorithm [22]. This set of parameters also represents a relatively wide range of possible configu-

rations.

2.5 HEPTopTagger

The HEPTopTagger [23] is an example of how jet grooming techniques may be used to optimize the

selection of boosted objects (in this case, top quarks with a hadronically-decaying W boson daughter)

over a large multi-jet background. The method uses the C/A jet algorithm and a variant on the mass-

drop filtering technique described in Section 2.4 in order to utilize information about the recombination

history of the jet. The algorithm proceeds as follows:

• Decomposition into substructure objects: The mass-drop criterion defined in Eq. (7) is applied

to a large-R C/A jet, where j1 and j2 are the two subjets from the last stage of clustering. If the

criterion is satisfied, the same prescription is followed iteratively on both j1 and j2 until Ni subjets

are left, where the subjets either have masses mi ≤ mcut or represent individual constituents, such

8



An ATLAS “Top-Tagger”

James Dolen Boston Jet Workshop,  Jan 22, 2013

HEP Top Tagger details

12

James Dolen

Mass drop 
decomposition

Step 1:

James Dolen 18

Repeat reclustering and filtering procedure for all combinations of 3 
mass drop subjets

Step 5:

James Dolen
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Step 2:

James Dolen 16

!Rmin

Recluster with 
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Step 3:

James Dolen 17
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Step 4:
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Substructure Applications Multiply

• resonant WW / WZ / WH / ZH
• supersymmetric particle decays
• composite fermion decays 
• top + Higgs associated production
• TeV-scale weak boson scattering
• energetic Higgs decays to W’s, tau leptons
• spin measurements
• dark matter + Higgs associated production
• very high-multiplicity exotic particle decays
• ....



Heavy Exotic “Top Partner”
Q = +5/3T5/3 Analysis

‣ CMS search for particles T5/3  with 
exotic charge!
‣ Solve hierarchy problem and are 

compatible with observed Higgs 
mass!

‣ Found in KK gluon models!
!

‣ Final state consists of same-sign 
dileptons!
‣ Also can identify boosted W or 

boosted top quarks in the event!
‣ Use jet substructure!!
!

‣ Basic event selection:!
‣ 2 same-sign leptons, pT > 30 GeV!
‣ 5 or more jets / “constituents”!
‣ Boosted top = 3!
‣ Boosted W = 2!

‣ HT > 900 GeV!
‣ Quarkonia, Z vetos
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CMS Searches for New Physics Beyond Two Generations (B2G)
95% CL Exclusions (TeV)
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Recapturing the Signal with 
Substructure

super-top #1
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FIG. 3: Final spectra of mavg after all cuts, for an untagged analysis (left) and a b-tagged analysis

assuming BR(t̃ → b̄d̄/b̄s̄) " 100% and tagging/mistagging rates as described in the text (right).

Displayed backgrounds include matched QCD (black), tt̄ (pink), and W/Z+jets (green). The

matched QCD histogram has been smoothed from the Monte Carlo data, as described in the next

section. Displayed example stop models, stacked onto the QCD background, include 100 GeV

(blue), 200 GeV (purple), and 300 GeV (red). The lower panels show the S/B ratio relative to

QCD, and the bin-by-bin fractional statistical errors on the QCD background expected for the

2012 LHC run. (Note the changes in vertical axes between untagged and tagged.)

theoretical control than pure QCD, and its normalization could be extracted in the highly

orthogonal semileptonic channel. We therefore anticipate that it could be systematically

subtracted or accounted for in a constrained fit. Indeed, it can even serve as a useful

calibration peak. If it is necessary to further suppress tt̄, it might be possible to do so with

supplementary substructure cuts that can pick out and reject 3-body features, without highly

resculpting the continuum QCD. (E.g., N-subjettiness [53] observables or the dimensionless

variables of the HEPTopTagger [64] would be appropriate to study.) Regardless, some

degradation of sensitivity in the vicinity of mt should be expected in reality.

If the RPV coupling obeys MFV, then almost every stop decay will contain a b-quark.

It therefore becomes possible to exploit a b-tagged analysis. We show in the right panel

of Fig. 3 the mavg spectra after demanding that at least one of the four subjets is tagged,

Finally, the large fraction of partial reconstructions with two-body substructure significantly broadens the

top peak shape.
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The next discovery? (2014)
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Some Next Steps

• Continue expanding applications
• “Event substructure”
• Color charge measurement
• Limitations (e.g. weak radiation)
• Future colliders



Summary

+ ⇒
?

⇒

⇒

⇒

⇒

⇒

⇒

⇒

⇒

⇒

⇒



t
H

Summary

t Z WH Jet S
ubstru

cture

+ +

⇒


